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Based on a self-similar array model of single-walled carbon nanotubes SWNTs, the pore structure
of SWNT bundles is analyzed and compared with that obtained from the conventional triangular
model and adsorption experimental results. In addition to the well known cylindrical endo-cavities
and interstitial pores, two types of newly defined pores with diameters of 2–10 and 8–100 nm are
proposed, inter-bundle pores and inter-array pores. In particular, the relationship between the
packing configuration of SWNTs and their pore structures is systematically investigated. © 2005
American Institute of Physics. DOI: 10.1063/1.2139993
The pore structure pore types, sizes, geometries and size
distributions in single-walled carbon nanotube SWNT ar-
rays is important for understanding their physiochemical
properties.1–6 Despite its importance, the characterization of
pore structures in SWNTs is very complex and challenging
due to the diverse packing configuration and irregular aggre-
gation. Conventionally, their pore structures are analyzed
based on the triangular array model of SWNTs,2,7,8 which
describes two types of pores, cylindrical endo-cavities 
pores and interstitial pores  pores. In addition to  and 
pores, however, a great deal of pores due to the packing of
bundles and bundle arrays has been observed in SWNTs4,9,10
and these pores cannot be explained well using the triangular
array model of SWNTs. In fact, for the originations of pores
in SWNTs, different explanations have been proposed with
the emphasis on the aggregation or the packing of
SWNTs.4,6,11 The aggregation of SWNTs exhibits irregularity
and is not intrinsic for SWNTs and their arrays; hence, their
pore diameters, geometries and volumes are sensitive to mor-
phologies and treat processes of SWNTs. However, pores
due to the packing of SWNTs are mainly determined by the
diameters and packing configurations of SWNTs, hence, they
exhibit good regularity and great possibility to control.12
Therefore, quantitative and accurate investigation of pores
due to the packing of SWNTs is of great significance for the
understanding of pore structures of SWNT arrays and further
effort to control them.
Recently, we proposed a universal array model, that is,
self-similar array model, of SWNT arrays and described the
packing of SWNTs at different scales.13,14 A distinguishing
feature of this model is that rich pores can be formed regu-
larly and naturally by the packing of SWNTs.13 In this work,
packing-dependent pore structures in SWNT arrays are ana-
lyzed and compared with that obtained from the conven-
tional triangular model and adsorption experimental data.
The originations of pores from several angstroms to over 100
nm and the relationship between the packing configuration of
SWNTs and their pore structural features are discussed.
To qualitatively illustrate the pore types under the self-
similar array model, three typical packing configurations are
selected and shown in Fig. 1. Figure 1a is the triangular
array model, and Figs. b and c are self-similar arrays of
SWNTs labeled as 7, and 7,7 ,, respectively. As
shown in Fig. 1a, for the triangular array model, there are
only two types of pores, cylindrical endo-cavities  pores
and interstitial pores  pores. While in the self-similar ar-
ray model, there are additional pores, inter-bundle pores 
pores and inter-array pores  pores due to the close pack-
ing of bundles and bundle arrays. Quantitatively, the geomet-
ric size and volume of pores can be approximately estimated
in the unit cell shown in Fig. 1. To compare with experimen-
tal results quantitatively as follows, it is necessary to trans-
form these irregular pores into a simple geometric model,
such as slit-shaped or cylindrical pores. Here the sizes of ,
 and  pores are described by two parameters, Di and di,
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FIG. 1. Cross-sectional view of a 12, 12 nanotube array with a van der
Waals gap of 0.3162 nm see Ref. 17. Isolated SWNTs are represented by a
real circle, while SWNT arrays bundles and bundle arrays are represented
as imaginary circles. The unit cell is shown in bold lines. a Triangular
array; b self-similar array 7,; c self-similar array 7,7 ,. And the
schematic representations of the geometric sizes of d  pores; e  pores
and f  pores. The dashed and bold circles are corresponding to equivalent
cylindrical pores determined by Eq. 1 and the inscribed circles of pores,
respectively. Different scales are employed for d–f for a better legibility.
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i=, , . For the former, it is assumed that all pores can be
transformed into cylindrical pores with an equivalent diam-
eter Di determined by
Di = 4Si  i = ,, , 1
where Si is the cross sectional area of each pore. Figures
1d–1f show the schematic representations of pores in
dash circles obtained from Eq. 1 for ,  and , respec-
tively. Since in Eq. 1 it is assumed that all pores are acces-
sible, the equivalent cylindrical pores cover large areas of
carbon nanotubes, suggesting an overestimation of pore
sizes. To overcome the shortage of Di, the diameters of the
inscribed circles of pores, di, are also employed to describe
the pore sizes, as shown in Figs. 1d–1f in bold circles. In
this case, the areas of wedge grips of pores are not covered,
suggesting an underestimation of the pore sizes. Here we
cautiously point out, i the above calculations focus on the
geometric sizes, which is different from the pore sizes calcu-
lated from adsorption measurements since the interaction be-
tween the gas molecules and SWNTs is not considered; ii
both estimations above are approximate. Nonetheless, the ap-
proximate estimation can give essentially different results of
pore structures of SWNT arrays with respect to the triangular
array model of SWNTs. Convincingly, there are additional
pores,  in the range of 2–10 nm and  from several to
dozens of nanometers, respectively, which have not been
considered before in those studies of theoretical calculations
and simulations.2,7,8
To further study the volumes of different pores quantita-
tively, the relative volumes of the four types of pores in a
unit cell shown in Fig. 1 are determined by
Ri = Ni  Si
i=

Ni  Si i = ,,, , 2
where Ni and Ri are the number of i pores and relative vol-
ume in a unit cell, respectively. Figure 2a is calculated from
the triangular array model, while Fig. 2b from the self-
similar array model for 7,7 ,. Clearly, the diameters of 
and  pores are independent of the SWNT array configura-
tions. However, from the construction of the unit cell in Fig.
1, the newly defined pores by the self-similar array model, 
pores and  pores, show strong dependence on the array
configurations of SWNTs. Moreover,  pores and  pores
can exhibit diameters of several nanometers if suitable array
configurations are selected, and pores with such sizes may be
very important for adsorption and storage of gases in SWNT
arrays. Hence, it is necessary to further explore the relation-
ship between the packing configuration of SWNTs and the
pore sizes and relative volumes. To simplify our discussion
but without loss of generality, we select the packing configu-
ration of cm ,cn , as an example and it is assumed that
cm=cn. Ten types of SWNT arrays were studied cm=7, 19,
37, 61, 91, 127, 169, 217, 271 and 331. The pore diameters
in the following discussion refer to Di defined in Eq. 1.
Figure 2c shows the changes of pore diameters with the
increase of cm. It is evident that the diameters of  pores and
 pores have no change with the increment of the diameters
of SWNT bundles, while the diameters of  pores and 
pores increase when the size of SWNT bundles increases.
The difference between  pores and  pores is that the diam-
eter of  pores is only marginally changed in the range of 2
and 10 nm, while the diameter of  pores changes remark-
ably from several nanometers to over 300 nm when cm in-
creases. Figure 2d shows the changes of relative pore vol-
umes for the four types of pores. The relative volumes of 
and  pores increase, but the relative volumes of  and 
pores decrease, with the increment of cm. When the value of
cm is up to 160 for cm ,cm ,, however, the relative volumes
of the four types of pores level off.
The above analysis and calculations can be compared
with experimental results. Our focus is the newly defined
pores  and  since the diameters and relative volumes of 
and  are independent of the packing configurations of
SWNTs. Figure 3 shows the pore size distribution PSD of
SWNTs obtained from nitrogen adsorption at 77.35 K. The
SWNT samples used here were synthesized by a hydrogen-
arc discharge method9 and purified according to the method
of Hou et al.15 With this procedure, the SWNTs with a purity
of above 90 wt% were achieved. To obtain SWNT arrays
with a high quality, fibrous SWNT samples were selected;
well-aligned SWNTs can be obtained with this procedure.9
The PSDs of mesopores were obtained by using Barrett–
Joyner–Halenda BJH equation,16 which has been employed
widely in the measurement of pore structures of carbon
nanotubes.1,3,4,9,11 The diameter of individual SWNT in our
work is in the range of 1.6–1.7 nm by analyses of nitrogen
adsorption isotherm4 and high resolution transmission elec-
FIG. 2. Pore diameters vs relative volumes. a For the triangular array
model shown in Fig. 1a; b For the self-similar array 7,7 ,, as shown
in Fig. 1c. The , ,  and  label pores determined by Eq. 1 and , ,
 and  label pores determined by the inscribed circles shown in Fig.
d–f. Figure c and d show the relationship between packing configu-
rations of SWNTs and their pore structures. c Pore diameter Di of SWNT
arrays cm ,cm , vs cm; d relative pore volumes Ri of SWNT arrays
cm ,cm , vs cm. Di and Ri are obtained from Eqs. 1 and 2.
FIG. 3. Mesopore size distribution of SWNTs by BJH method.
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tron microscopy direct observation.9 Between 2 and 4 nm,
there is a peak. Although this peak has been reported by
Yang4 and Liu10 before and observed in all SWNT samples
in our investigation, the origination of this type of pores has
not been understood clearly. Comparing with Fig. 2b, this
distribution peak of pores can be considered to correspond to
 pores. The pore distribution from 20 nm to larger than 60
nm is continuous, without sharp peaks of  pores as pre-
dicted in Fig. 2b. This phenomenon can be explained by
three deviations, compared with the model we used. First,
there are irregular aggregated pores in SWNT samples and
the aggregated pores are continuously distributed.3 The sec-
ond is the imperfection of SWNT arrays, which will widen
the distribution range of  pores and  pores. The third de-
viation is that the value of cm is not unique in real SWNT
samples since the bundle size of SWNTs changes in a wide
range. Consequently,  pores will distribute in a wide range.
Those deviations can well explain why many SWNT samples
have only continuous distribution of pores in this range.
Considering the above deviations, the several bands from 20
to 60 nm in Fig. 3 can be thought of as the distribution peaks
of  pores. Moreover, based on the characteristics of pores
distributed around 3–4 nm and 20–60 nm, it is concluded
that the average cm is in the range of 40–90 and this agrees
well with our previous experimental observation.9 It is worth
pointing out that the assignment of  pores and  pores in
Fig. 3 is very important. The effects of  pores and  pores in
SWNTs have never been considered before either in those
works of theoretical calculations or simulations2,7,8 because
those pores cannot be described by conventional triangular
array model of SWNTs. However, using the self-similar ar-
ray model of SWNT arrays,14 we can investigate the effect of
small mesopores on the performance of SWNTs, such as gas
adsorption in a theoretical prediction or simulation. More-
over, the understanding of pore origination is significant to
the explanation of experimental data and further effort in
control of pore structures of SWNT arrays.
Based on the self-similar array model, the pore size and
pore volume of SWNT arrays are studied quantitatively and
inter-bundle and inter-array pores  and  pores are newly
proposed in addition to the well known cylindrical endo-
cavities  pores and interstitial pores  pores. Our calcu-
lations show that,  pores are mainly distributed at 2–10 nm,
and  pores at 8–100 nm. Moreover, with the increment of
the bundle size labeled by cm, there is a steady increment
for the relative volumes of  and  pores, while a decrease
for those of  and  pores. When the value of cm is up to
160, however, the relative volumes of the four types of pores
tend to reach constant. This finding and the characterization
of  pores and  pores could be valuable for theoretical
predictions of SWNT adsorption properties and for further
effort in the control of pore structures of SWNT arrays.
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